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Increasing  environmental  concerns  in  recent  years  focused  greater  attention  on  the  development  of
biodegradable  materials.  This  paper  presents  the  preparation  of  cassava  starch  based  composites  incor-
porating  ﬁbers  from  Brazilian  green  coconuts.  These  composites  were  prepared  with  different  amounts
of  coir  ﬁbers  by thermal  molding  using  glycerol  as  plasticizer  for  the  starch.  The  matrix  and  compos-
ites  were  given  thermal  treatment.  Both  the  untreated  and  treated  matrices  and  their  composites  were
characterized  for  their  tensile  properties,  while  water  uptake,  swelling  on  immersion  in  water  and  mois-iocomposites
assava starch
reen  coconut ﬁber
hermoplastic starch
lycerol
ture  absorption  on  exposure  to humidity  were  evaluated  for both  untreated  and  treated  matrix  and  its
composites.  The  tensile  properties  of  cassava  starch  improved  with  both  the  incorporation  of  ﬁbers  and
thermal  treatment.  Fractographic  studies  through  scanning  electron  microscopy  were  used  to  explain  the
observed  strength  properties.  Water  uptake,  swelling  and  moisture  absorption  of TPS  showed  decrease
with  the  incorporation  of  ﬁbers,  which  is due  to  better  interfacial  bonding  between  the  matrix  and  ﬁbers
as  well  as  the  hindrance  to  absorption  caused  by the  ﬁbers.. Introduction
Synthetic polymeric materials have been widely used in all areas
f human activity. Because of this, plastics derived from petroleum
epresent about a ﬁfth of urban trash by volume (Róz, da Carvalho,
orais, & Curvelo, 2001). The disposal of a high volume of plastics,
hich take a long time to decompose, poses a huge environmental
roblem (Lu, Xiao, & Xu, 2009; Vasˇková et al., 2008). With increased
nvironmental awareness among society, there is growing recogni-
ion of the need to reduce the quantity of plastic materials discarded
Kuciel & Liber-Knec, 2009). Therefore, intense research has been
arried out in the areas of engineering and biological sciences to
evelop polymeric materials that are easily disposable but not envi-
onmentally harmful, particularly for use in the packaging industry.
Starches are considered one of the most promising available
atural polymer candidates for the development of biodegrad-
ble materials, because of their attractive combination of attributes
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such as low cost, abundant availability and thermoplastic behavior,
besides the fact they are biodegradable, recyclable and renewable
(Mali, Grossmann, García, Martino, & Zaritzky, 2008). However,
starches have some drawbacks, such as poor melting processability,
high water solubility, difﬁculty of processing and brittleness, caus-
ing the need for a plasticizer (Satyanarayana, Gregorio, & Fernado,
2009; Yu, Dean, & Li, 2006) to make them suitable for engineering
applications.
However, under the action of high temperature and shear stress,
starch can be processed into a thermoplastic starch (Mo, Zhong,
Liang, & Yu, 2010) by breaking its structure (semi crystalline form),
causing de-structuring of the starch chains, and leading to inter-
molecular rearrangement. This can be done by using plasticizers
such as glycerin, water and other polyol compounds (Corradini,
Texeira, Agnelli, & Mattoso, 2007; Gáspár, Benko, Dogossy, Reczey,
& Czigany, 2005; Pradella, 2006). Besides, use of plasticizers would
lead to change in properties of TPS, of course this change is a func-
tion of the amount of plasticizer used. For example, glass transition
temperature (Tg) of cassava starch is reported as 131.9 ◦C and it
decreases with increasing addition of glycerol. At 30% glycerol con-
Open access under the Elsevier OA license.tent, value of Tg is 62.2 ◦C (Bergo, Sobral, & Prison, 2009). Tensile
properties are also reported to change accordingly.
Natural starch is normally made into thermoplastic by pro-
cessing through the use of various industrial techniques, such as
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2.2.3.2. Scanning electron microscopy (SEM). A Philips XL-30 scan-
ning electron microscope with operating voltage of 10–20 kV was
used to obtain SEM micrographs taken from fractured tensile test
samples of both the matrix and composites. For this purpose, all theRamírez M.G.L, et al. / Carbohyd
njection, extrusion or use of a batch mixer connected to a torque
heometer (Corradini et al., 2007). TPS absorbs moisture when
xposed to humidity and has inferior but useful mechanical prop-
rties compared to synthetic polymeric materials (Avérous & Le
igabel, 2006). One of the methods to overcome these negative
ttributes, as well as to improve the strength properties in general,
as been to incorporate TPS by abundant and relatively inexpensive
Kuciel & Liber-Knec, 2009) lignocellulosic materials, such as hard
nd soft wood ﬁbers or other plant ﬁbers (jute, coconut, banana,
ane bagasse, etc.). The resulting materials are termed “biocom-
osites” or “green” composites, which are considered to be totally
iodegradable (Avérous & Boquillon, 2004; Fowler, Hughes, & Elias,
006; Satyanarayana, 2007).
Other methods to improve the properties of starch-based mate-
ials drawing much attention are thermal or other treatments
Blanshard, 1987; Cereda et al., 2002; Gough & Pybus, 1971;
nutson, 1990; Zavareze & Dias, 2011). Thermal treatment con-
ists of annealing starch to ﬁnd the effect on gelatinization, as
rst demonstrated by Gough and Pybus (1971).  They observed that
nnealing wheat starch, by heating it in water at 50 ◦C, occurs only
hen starch was heated to a temperature above its glass transition
oint, but not high enough to cause irreversible melting, or gela-
inization (Knutson, 1990). Other studies (Blanshard, 1987; Cereda
t al., 2002) have reported that annealing of starch below the gela-
inization temperature leads to discrete molecular organization
ith the formation of a more organized structure with less free
nergy. This in turn affects the mechanical and other properties.
Considerable research on the development of starch-based com-
osites reinforced with natural ﬁbers has been reported in the
ast decade (Avérous & Boquillon, 2004; Avérous & Halley, 2009;
arvalho, Curvelo, & Agnelli, 2002; Curvelo, Carvalho, & Agnelli,
001; Guimarães, Wypych, Saul, Ramos, & Satyanarayana, 2010;
umar & Singh, 2008; Luna, Villada, & Velasco, 2009; Ma,  Yu, &
ennedy, 2005; Mo  et al., 2010; Rosas, 2008) with one of the main
ocuses of research being the improvement of the mechanical prop-
rties of these thermoplastic starch composites (Yu et al., 2006).
or example, Ma  et al. (2005) and Liu, Xie, Yu, Chen, and Li (2009)
ave pointed out problems such as non uniformity of the mass and
oor ﬂow properties can occur when TPS composites are processed
hrough injection or extrusion, especially when a large amount of
ber is added. Another aspect studied in respect of TPS composites
s the effect of moisture on properties particularly the mechani-
al properties, which also affects their life cycle. For example, TPS
omposites absorb moisture in humid environments and undergo
ilatational expansion. Moisture can cause stress between ﬁber
nd polymer (matrix), resulting in reduced resistance to damage
s well as structural changes. Many of the irreversible changes in
he mechanical properties in these materials are known to be due
o moisture absorption (Kuciel & Liber-Knec, 2009).
One aspect, which has not generally been considered in the
ase of lignocellulosic ﬁber incorporated composites including
iodegradable ones, is their life cycle analysis (Satyanarayana et al.,
009). Normally biocomposites have been used in consumer prod-
cts of short life cycles or those that can be discarded after rapid
se. According to John and Thomas (2008),  these materials can also
e used for interior applications with a long lifetime.
In light of the above and considering that (i) Brazil has been
n the forefront of the use of industrial wastes in recent years
Satyanarayana et al., 2009), (ii) the country has the highest pro-
uction and yield per hectare of starch production in Latin America,
articularly cassava (or manioc) starch and (iii) coconut is an
mportant crop in northeastern Brazil, which produces ﬁbers result-
ng from discarded green coconuts (Tomczak, Sydenstricker, and
atyanarayana, 2007), the objective of this work is development of
assava starch-green coir ﬁbers of Brazil composite by compression
olding technique to understand processing–property–structureolymers 86 (2011) 1712– 1722 1713
correlations. This is expected to extend the use of this starch and
green coconut ﬁber through diverse applications for their fur-
ther value addition This paper presents the preliminary results
of the preparation and characterization of biodegradable com-
posites based on thermoplastic cassava starch (TPS) combined
with different amounts (5–30 wt.%) of green coconut ﬁbers. Direct
thermo-plasticization was  used to process the composites and glyc-
erol was used as plasticizer. The effect of annealing of both the
TPS matrix and its composites containing 5–30 wt.% coir ﬁbers on
the tensile properties and water absorption characteristics is also
presented.
2. Experimental
2.1. Materials
The native cassava starch (Manihot esculenta) used in this study
was  donated by J. A. Pasquini and Cía Ltda., Nova Esperanc¸ a, Paraná,
Brazil. The green coconut ﬁbers were donated by COOBCOCO, a
cooperative formed of street scavengers in Fortaleza, Ceará state,
in northeastern Brazil. The glycerol used as plasticizer was  of com-
mercial grade and was  donated by Labsynth, São Paulo, Brazil.
2.2. Methods
2.2.1. Preparation of composites
First the coconut ﬁbers received were dried, milled and sieved
to obtain ﬁber length of mostly 10 mm.  Then the cassava starch was
mixed thoroughly with 30 wt.% glycerol in a plastic bag until attain-
ing a homogeneous mixture. This was followed by the mixing of
coconut ﬁbers with the mixture of starch and glycerol in an indus-
trial mixer (Hobart) at high speed for 1 min, since the ﬁbers became
well dispersed in the starch during this time, while at longer mixing
times the starch started adhering to the mixing vessel. The amounts
of coconut ﬁbers used to prepare the composites were 5, 10, 15, 20,
25 and 30%.1
These mixtures were transferred to plastic bags for storage until
preparing the composite laminates. Then the composite mixture
was  poured into a stainless steel mold (170 mm  × 170 mm × 3 mm)
to obtain composite plates.
A hydraulic press (SOLAB) with a heating system and con-
trolled cooling apparatus was  used to obtain the laminates of both
the matrix and composites. The processing conditions used were:
temperature 160 ◦C with applied pressure of 410.4 kgf/cm2 and
pressurization time of 50 min.
2.2.2. Thermal treatment of the matrix and its composites
Laminates of both the TPS matrix and its composites containing
different amounts (5–30 wt.%) of coir ﬁbers after conditioning were
thermally treated (annealed) in an air circulating oven at 60 ◦C for
12 h.
2.2.3. Morphological study of the composite
2.2.3.1. Optical microscopy. A Zeiss stereoscope microscope (Dis-
covery VI2 model) equipped with a Zeiss AxioCam camera was used
to observe the transparency obtained in the composites, porosity
and the distribution of coconut ﬁbers in the composites.1 Throughout this paper, the composition of composites is in wt.% unless other-
wise mentioned.
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F:  coir ﬁber.
amples were coated with gold before observation by sputtering in
 vacuum chamber.
.2.4. Mechanical testing
Tensile samples of the matrix and the composites were cut
rom respective laminates (plaques) using a laser cutting machine
Gravograph model LS100). The samples obtained were tested in a
niversal testing machine (EMIC DL 20.000) following ASTM stan-
ard D 638M at room temperature and relative humidity of 75% at
 testing speed of 5 mm/min. Six to seven specimens were tested
or each sample and the average values of the tensile properties
ere recorded. All the specimens (TPS matrix and their coir com-
osites, with or without thermal treatment) were tested after being
onditioned for two weeks at 23 ◦C and RH of 75%.
.2.5. Water absorption and swelling
Since it is well known that one of the problems of thermo-
lastic starch is its susceptibility to humidity and that prepared
iocomposites are hydrophilic in nature, the water absorption and
he swelling in thickness (both in %) were evaluated following the
N 317 standard [EN 317-1993-Particle boards and ﬁber boards-
etermination of swelling thickness after immersion in water]. For
his purpose, specimens measuring 30 × 30 × 3 mm cut from the
aminates plaques were ﬁrst dried in an air circulating oven at 60 ◦C
nd then immersed in water at room temperature (23 ◦C) for 2 and
4 h, respectively.
To determine the percentage of water absorption and swelling,
he samples were weighed and their thickness was  measured
efore and after immersion using a digital vernier (Model: Mitu-
oyo) having 0.01 accuracy.The water absorption (WA) of the laminates was  calculated
sing the following equation:
A (%) =
[(
M1 − Mo
Mo
)]
× 100 (1)aromic view of the composite at higher magniﬁcation; TPS: thermoplastic starch;
where Mo  and M1  are the masses of the sample before and after
immersion in water.
The swelling thickness (ST) was calculated using the following
equation:
ST (%) =
[(
Th1 − Tho
Tho
)]
× 100, (2)
where Tho and Th1 are the thickness of the samples (in mm)  before
and after immersion in water. The swelling observed in this study
is termed “linear swelling” because the length of the samples was
measured before and after water uptake. The linear swelling was
calculated similarly, but instead of thickness the specimen length
before and after immersion in water was used.
2.2.6. Conditioning to 75% relative humidity
Water sensitivity of composite to the environmental humid-
ity may  be one of the important selection parameters for some
applications, since humidity affects the properties of starch-based
composites (Müller, Laurindo, & Yamshita, 2009). Accordingly,
isotherms of humidity sorption of the composites were obtained.
For this purpose, ﬁrst the samples were dried in an air circulating
oven at 60 ◦C. Then these samples were conditioned by keeping
them in a desiccator at 22–25 ◦C and relative humidity of 75 ± 2%,
maintained using a saturated solution of sodium chloride (NaCl),
prepared following the ASTM E 104 standard. The samples were
taken out daily to check the water absorption as a function of time
until the weight became constant.
The moisture content was calculated using the equation:
[(
M1 − Mo)]Moisture content (%) =
Mo
× 100, (3)
where Mo  and M1  are the mass of the samples (in g) when they
were taken from the oven and at time (T).
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tig. 2. Force–displacement curves of TPS matrix with and without treatment as well
s  those of their composites containing 15 and 30% coir ﬁber.
. Results and discussions
.1. Optical microscopy
Fig. 1(a and b) shows photographs of cassava starch–glycerol
omposites with 5 and 30% coir ﬁbers as observed under a stere-
microscope. Random and uniform distribution of the coir ﬁbers of
ifferent diameters can be seen in the transparent plasticized starch
atrix without any air bubbles. Vallejos et al. (2010) have reported
ow dispersion of ﬁbers during the preparation of thermo plasti-
ized cassava starch composites, even with 10% sugarcane bagasse,
rocessed in a rheometer (Haake) at 150 ◦C, 60 rpm for 6 min.
ptimized thermo-plasticization of the composites was obtained
ithout any of the cited problems occurring, even at a high ﬁber
ontent of 30%.
.2. Mechanical testing
Fig. 2 shows typical force–displacement curves obtained in the
resent study in tensile tests of TPS based materials, viz. TPS
atrix with and without treatment (0% ﬁber), and two of their
omposites containing 15 and 30% coir ﬁbers. Similar curves have
een reported earlier for starch based composites with other nat-
ral ﬁbers, including nano-bacterial cellulose containing thermo
lasticized cassava starch (Alvarez, Ruseckaite, & Vazquez, 2003;
atyanarayana et al., 2009; Woehl et al., 2010). It can be seen that
he curves for the TPS with and without the treatment as well
s those with and without reinforcement show differences. The
atrix (with or without treatment) shows typical curves of a duc-
ile material with large deformations and low strength, both values
eing inﬂuenced by the thermal treatment, with the treated matrix
howing higher breaking load and lower displacement compared
o the untreated matrix. Similarly, TPS based composites with-
ut treatment show typical curves of ductile materials with some
eformation, though less than that of both treated and untreated
atrices with higher breaking loads. On the other hand, the com-
osite subjected to the thermal treatment at 60 ◦C shows typical
urves of a rigid, strong (higher breaking load, but lower displace-
ent) but fragile material.
Fig. 3(a–d) shows the plots of tensile strength, Young’s mod-
lus, load and % elongation of coir ﬁber versus the ﬁber content
espectively in the composites of TPS with and without treat-
ent. It can be seen from these ﬁgures that for the treated matrixhe tensile strength, Young’s modulus and maximum load are
igher (3.24 MPa, 59.81 MPa  and 112.68 N, respectively) than for
he untreated matrix (1.56 MPa, 14.56 MPa  and 50.77 N, respec-
ively). It is also interesting to see that the YM value obtained inolymers 86 (2011) 1712– 1722 1715
this study is lower, while the tensile strength is slightly higher
than the ﬁgures reported for its nanocomposites earlier for TPS cas-
sava starch processed by the casting method (YM of the plasticized
starch without reinforcement: 33.4 ± 4.3 MPa; tensile strength:
1.09 ± 0.39 MPa) (Woehl et al., 2010). The higher values of YM and
TS of the treated TPS matrix suggest the effect of thermal treatment.
Other studies (Blanshard, 1987; Cereda et al., 2002) have reported
that annealing treatment (ANT) affects crystallinity, which in turn
affects mechanical properties due to some level of discrete molec-
ular organization. The higher strength properties of TPS cassava
observed in this study compared to those observed earlier (Woehl
et al., 2010) may  be due to the processing method and conditions
used.
Both the YM and TS increased with increasing ﬁber content up
to 15% for both treated and untreated conditions. The YM showed
continuous growth with increasing ﬁber content in both the treated
and untreated matrix composites. Maximum values of ∼373.5 MPa
and ∼176 MPa  for treated composite and untreated composite,
respectively, were obtained. Both these values are higher than
those reported for nanocomposites of TPS (cassava) containing
2.5% untreated bacterial cellulose nanoﬁbers processed by casting
(140.6 ± 40.3 MPa) (Woehl et al., 2010).
On the other hand, the tensile strength of TPS composites with
treatment increased from 3 MPa  for 0% ﬁber content to 9 MPa
for about 15% ﬁber content, after which it remained constant
(∼10–11 MPa). These values are higher than those reported for
nanocomposites of TPS (cassava) containing 2.5% of both untreated
and treated bacterial cellulose nanoﬁbers and processed by casting
(4.15 ± 0.66 MPa  and 8.45 ± 2.35 MPa, respectively) (Woehl et al.,
2010). Also, the strength values obtained in the present study for
the composites with untreated matrix increased slowly with rising
ﬁber content, reaching a maximum of 6 MPa  for 30% ﬁber content.
These increases in YM and UTS may  be due to the stronger
bonding between the matrix and ﬁber, which leads to enhanced
interfacial adhesion between them and therefore a greater transfer
of stress from the matrix to the ﬁbers during tensile testing (Herrera
Franco & Valdez-González, 2005). This is justiﬁed from the scanning
electron microscopic studies of the fractured tensile samples (see
Section 3.3).
The % elongation decreased with increasing ﬁber content for
both types of composites (treated and untreated). While the
untreated matrix showed ∼210% elongation, the thermally treated
matrix showed ∼112% elongation. The effect of treatment of the
matrix/composite on the observed properties can be explained
based on a discrete molecular organization taking place with the
formation of a more organized structure with lower free energy
(Blanshard, 1987; Cereda et al., 2002).
Furthermore, the differences in performance of the matrix and
composites suggest that the thermal treatment used (60 ◦C for 12 h)
in the present study is able to affect the function of the plasti-
cizer, causing the starch chains to have better packing, resulting
in better organization due to more intense interactions of macro-
molecules (amylase and amylopectin). This might have resulted in
the positive effect on the mechanical properties, increasing the YM,
UTS and load while reducing the % elongation compared with the
composites without treatment.
The performance of polymers depends closely on the mobil-
ity of their macromolecules and the presence of plasticizers. For
instance, enhanced mobility is generally due to reduction of the
interaction of polymeric chains due to the presence of plasticiz-
ers (Billmeyer, 1971; Liu et al., 2009; Mali, Sakanaka, Yamashita,
& Grossmann, 2005). As it is well known, a plasticizer is nor-
mally placed between polymeric chains to reduce the interactions
between different chains, due to its physical presence between
the chains, thus allowing polymers to exhibit higher elonga-
tions.
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Fig. 3. (a) Plots of tensile strength of TPS matrix with and without treatment and their composites as a function of coir ﬁber content. (b) Plot of Young’s modulus of TPS
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The tensile property results observed in the present study agree
ith those reported by other researchers for lignocellulosic ﬁbers
nd/or cellulose nanoﬁbers incorporated in thermoplastic starches
Curvelo et al., 2001; Gáspár et al., 2005; Guimarães et al., 2010;
a et al., 2005; Müller et al., 2009; Torres, Arroyo, & Gomez, 2007;
oehl et al., 2010). These have been explained on the basis of chem-
cal and structural compatibility between the matrix and reinforced
lant ﬁbers. In fact, when natural ﬁbers are used as reinforcements
n TPS, an obvious improvement in the mechanical properties and
erformance of the composite is expected. This is due to the chem-
cal similarities between the ﬁbers and starch, which provides
ood compatibility, particularly of the cellulose chains (Avérous
 Boquillon, 2004; Ma  et al., 2005; Mo  et al., 2010; Müller et al.,
009).
It is well known that besides the geometry of the ﬁber,
ts morphology/architecture, orientation/arrangement and volume
ractions have great inﬂuence on the mechanical properties of com-
osites. Of these, the volume fraction is perhaps the most important
actor, since most of the mechanical properties increase with
ncreasing amounts of ﬁber, until a maximum amount, because at
igher reinforcement loading, agglomeration and low dispersion of
he ﬁbers in the matrix can occur (Fowler et al., 2006).
Recognizing that the behavior of composite materials varies
ith various parameters, an attempt is made here to ﬁnd a cor-elation between some of tensile properties and the maximum
oad. This is because maximum load may  be one of the selection
riteria for some applications and thus becomes a very impor-
ant/interesting mechanical property. It may  also be important tont. (c) Plot of load of TPS matrix (with and without treatment) and their composites
 matrix (with and without thermal treatment).
ﬁnd the extent of correlation between various tensile properties
indicating high signiﬁcance (>0.9) through correlation coefﬁcient
suggesting the validity of the ﬁndings. In fact, such correlation may
help in selecting maximum load as one of the criteria for some
applications or vice versa. In the present study, it is observed that
thermally treated thermo plastic starch (TPS) and its composites
behaved in a very distinct way than that of the untreated TPS.
The former (TPS matrix and composites) could bear higher loads
and exhibited higher tensile strength values compared to the latter
ones. They did not undergo any deformation even after the reach-
ing the maximum load and thus they were stronger, but brittle.
On the other hand, the untreated TPS and its composites showed
high deformation after reaching the maximum load. This distinct
behavior of treated TPS and its composites can be used for certain
applications, because this treated material, though not offer resis-
tance to load, may  still undergo deformation, instead of presenting
a catastrophic rupture.
Accordingly, it is interesting to ﬁnd that a linear relation exists
between tensile strength (TS) and maximum load (ML) as well
as that with Young’s modulus (YM) for both types of composites
(treated and untreated), while an exponential tendency (S-curve)
is observed between tensile strength (TS) and % elongation (E) for
both types of composites.
The above mentioned correlations between tensile properties
are shown below:
For untreated composites:
TS untreated = 0.373642 + 0.0263267 × ML  (4)
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tFig. 4. (a) Linear and S-curve models for untreated composite
ith a correlation coefﬁcient of 0.9836.
For treated composites:
S treated = 0.543639 + 0.0283516 × ML  (5)
ith a correlation coefﬁcient of 0.9769.
For untreated composites:
S untreated = 1.45977 + 0.0280689 × YM (6)
ith a correlation coefﬁcient of 0.9618.
For treated composites:
S treated = 1.82754 + 0.0234878 × YM (7)
ith a correlation coefﬁcient of 0.9672.
For untreated composites:
S untreated = exp(0.45977 + 20.5902/E) (8)
ith a correlation coefﬁcient 0.9092.
For treated composites:
S treated = exp(1.17648 + 4.95355/E) (9)
ith a correlation coefﬁcient 0.9162.
These results show that the data are not scattered and there is a
eal dependency of these values, even when extrapolated to higher
ber content in the composites, as can be seen in Fig. 4(a and b).
hese can be explained as due to the signiﬁcant contribution of the
bers in hindering elongation of the matrix. Further, the foregoing
lso suggests that TPS biocomposites with cassava starch can be
ailored for any application requiring either low elongation usingLinear and S-curve models for thermally treated composites.
small amounts of ﬁbers or higher modulus or strength using higher
ﬁber contents.
The following section further explains the effect of incorporation
of coir ﬁbers and the effect of treatment of the matrix/composites.
3.3. Scanning electron microscopy (SEM)
Fig. 5 shows a series of SEM micrographs of the fractured sur-
face of tensile tested specimens of cassava starch with and without
treatment and their composites containing different amounts of
coir ﬁbers. Fig. 5a shows a fracture of a more resistant matrix
material (treated), indicating a homogeneous and smooth surface,
compared to that shown in Fig. 5b (untreated), which is a fragile
fracture having a rough surface. This indicates that the effect of
the thermal treatment of the matrix is to make the TPS material
more brittle. Fig. 5(c and e) shows fractographs of composite spec-
imens with treatment (annealing) containing 10 and 30% ﬁbers,
respectively. It can be observed that both of them show uniform
and smooth fracture surfaces with a homogeneous matrix as well
as good adhesion of the ﬁber to the thermoplastic starch matrix.
Of course, a few holes caused by pulling out ﬁbers during the ten-
sile test are also evident. On the other hand, the fracture surfaces
of untreated thermoplastic starch-based composites with 10 and
30% ﬁbers, shown in Fig. 5(d and f) respectively, exhibit irregular
fracture surfaces with cracks and pores in the matrix, produced by
the mechanical stress during the tensile test. In addition, pull out
of the coir ﬁbers from the matrix after the test can be observed
along with many holes. This suggests that the interface adhesion in
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(ig. 5. SEM micrograph of fractured surface of TPS matrix and ﬁlled with differen
omposites with treatment: 10% ﬁber; (e) 30 ﬁber%; (g) detail of ﬁber–matrix interfac
nterface.
hese composites may  not have been as good as that of the treated
omposites.
The ﬁber–matrix interface in a composite is responsible for
ransmitting the tensile stress of the matrix to the ﬁbers. This effec-
ive transfer of stress depends largely on ﬁber–matrix interface
nd the individual mechanical properties of ﬁbers and polymers
Kuciel & Liber-Knec, 2009). Good adhesion between the ﬁber andnut ﬁber contents: (a) Matrix with treatment; (b) matrix without treatment. (c)
 Composites without treatment:  10% ﬁber; (f) 30% ﬁber and (h) detail of ﬁber–matrix
the matrix leads to a resistant interface, consequently reinforcing
the matrix (Fowler et al., 2006). Fig. 5(g) shows an interface with
better ﬁber–matrix adhesion for the treated composite compared
to that of the untreated composite, shown in Fig. 5(h). Therefore,
besides the individual properties of each component of the compos-
ite, the interface between them should also be adjusted to obtain
optimum properties. In both types of specimens, many ﬁbers are
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speciﬁc product during service due to moisture absorption can be
a serious disadvantage (Kuciel & Liber-Knec, 2009). As mentioned
earlier, the change in the length of both the matrix and its compos-
ites was  measured to determine the dimensional changes takingFig. 6. Variation of water uptake by TPS composites as a functi
een attached to the starch matrix (Fig. 5e and f), which is one of
he reasons for the increased resistance to fracture or higher ten-
ile strength in these composites. Similar observations have been
ade on starch based composites by others (Avérous & Boquillon,
004; Avérous and Halley, 2009; Avérous, Fringant, & Moro, 2001;
vérous, 2007; Satyanarayana et al., 2009; Teixiera, 2007).
.4. Water absorption and swelling
The water absorption and swelling of thermoplastic starch-
ased composites is important in aqueous or humid environments
ecause these properties determine their integrity and perfor-
ance (Kuciel & Liber-Knec, 2009; Mathew & Dufresne, 2002).
hermoplastic starch composites are hydrophilic due to the chem-
cal composition of starch (amylopectin and amylase), where
ydroxyl groups and oxygen bonds with water are formed (Kuciel &
iber-Knec, 2009; Mathew & Dufresne, 2002). Also, the addition of
 plasticizer increases the afﬁnity to moisture (Mathew & Dufresne,
002). Fig. 6 shows the comparison of % water uptake by the com-
osites containing different amounts of coir ﬁbers. It can be seen
hat after 2 h, the TPS matrix showed 59.83% water uptake, while
he composite of TPS with 30% coir ﬁber showed only 37.99%. The
ffect of incorporating coir ﬁbers into the starch matrix on water
ptake is more evident after 24 h. One can see that after 2 h both,
atrix and composites present almost the same water uptake, but
fter 24 h the matrix absorbed much more water than the compos-
tes, and as the ﬁber content increased, the water uptake decreased.
The percentage increase in water uptake between 2 and 24 h in
ll the composites indicates that increasing the ﬁber incorporation
s well as its increasing amount in the composite reduces the water
ptake of the matrix. Since no void was observed either visually or
n SEM studies of the fractured composite samples, the above may
e due to (a) probable reduction of void content in the compos-
tes (b) better interfacial bonding between the ﬁbers, as observed
n the scanning electron microscopic studies, (c) greater afﬁnity of
he matrix for water compared to that of the ﬁbers and ﬁnally (d) the
etwork formed by the higher ﬁber content, which hinders the dif-
usion of water through the matrix (Alvarez et al., 2003; Sreekumar,
aiter, & Thomas, 2009). In fact, there are reports (Rosa et al., 2009;
out, Tripathy, Nayak, Misra, and Mohanty, 2001) that because of
hemical composition of lignocellulosic ﬁbers such as coir ﬁbers
ith higher lignin content and also due to the presence of wax  on
ts surface, absorption of water is prevented to some extent. The
resence of fatty substances also reduces the water absorption. Inamount of ﬁber content on immersion in water for 2 and 24 h.
the present study, the coir ﬁbers used were not washed before using
them so that these waxy materials were not removed.
The dimensional stability of a composite is an important prop-
erty affecting the ﬁnal performance, because the change in size of aFig. 7. (a) Variation in thickness of the TPS composites as a function of coir ﬁber
content for immersion in water for 2 and 24 h. (b) Linear swelling of thermoplastic
starch composite as a function of ﬁber content after being immersed in water for
24  h.
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ent amounts of coir ﬁbers (conditioned at 75 ± 2% RH and temperature 23 ± 2 ◦C).
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Table 1
Moisture absorption and equilibrium moisture content of cassava matrix and
cassava-coir ﬁber composite at different days of exposure.
Moisture absorption (%) Equilibrium
moisture
content
Material/days 1 2 3 4 5 15
Matrix 0.52 3.76 5.31 7.84 10.27 15.63
5% 0.51 3.64 5.11 7.77 10.25 15.24
10% 0.48 3.49 4.97 7.49 10.00 14.96
15% 0.47 3.25 4.85 7.34 9.48 14.42
20% 0.44 2.95 4.44 7.12 9.25 14.29Fig. 8. Moisture adsorption versus time of TPS composites containing differ
lace in these materials after immersion in water for 2 and 24 h.
or example, observed change in length measured for the sam-
les after immersion was 3.8 mm,  while the original sample (before
mmersion) had a length of 3 mm.
Fig. 7(a) shows the percentage increase in thickness of the ther-
oplastic cassava starch and its composites after immersion in
ater for 2 and 24 h. It can be seen that the thickness of these
aterials was affected by both the ﬁber content and the immersion
ime.
The matrix showed the highest swelling, while this decreased
ith increasing amounts of ﬁber in the composites. However, the
ifference in thickness for 2 and 24 h of immersion was  higher with
n increasing amount of ﬁber. Although starch and glycerol are
ore compatible with water than are lignocellulosic ﬁbers (even
hough they are washed before using them, as in the present study),
he matrix determines the water absorption in composites with
ow ﬁber contents, while the chemical nature of the plasticizer also
ffects the water uptake (Mathew & Dufresne, 2002). It should be
oted that the matrix shows greater afﬁnity with water than many
ignocellulosic ﬁbers due to the presence of wax on the surface,
hich prevents/reduces the absorption of water, as in the case of
oir ﬁbers (Rosa et al., 2009; Rout et al., 2001).
In the present study, a linear decrease in swelling of TPS-coir
ber composite was more evident, as shown in Fig. 7(b), suggest-
ng the positive effect of coir ﬁber to overcome the changes in the
inear dimensions of the composite. It can also be seen that with an
ncreasing amount of ﬁber in the composite, the swelling decreased
inearly.
The base matrix showed an increase of 62.7%, while this was  only
.78% for the composite with 30% coir ﬁber. The swelling of compos-
te materials is caused by water uptake, which causes delamination
f the ﬁber layers (Sreekumar et al., 2009). In the present study the
ater uptake was reduced by the incorporation of coir ﬁbers into
he TPS matrix. This explains the observed decrease in swelling in
his study. It should also be mentioned that none of the composites
isintegrated after swelling.
.5. Conditioning to 75% relative humidity
A disadvantage of the starch-based materials is that their plastic
roperties are affected by moisture content (Avérous, Fauconnier,
 Moro, 2000; Ma  et al., 2005). Care should be taken, as TPS tends to
bsorb or desorb humidity from the environment. The absorption
f moisture depends on storage conditions (temperature, time, rel-25% 0.21 2.69 4.30 7.04 8.93 14.13
30% 0.14 2.59 4.21 6.74 8.60 14.10
ative humidity) (Avérous et al., 2001; Ma  et al., 2005). While Fig. 8
shows the moisture sorption curves of the specimens in an atmo-
sphere with RH of 75 ± 2% and temperature of 23 ± 2 ◦C. Table 1
lists the rate of absorption for the ﬁrst stage as well as the values
of equilibrium moisture of the untreated composite specimens in
an atmosphere with RH of 75 ± 2% and temperature of 23 ± 2 ◦C. It
can be seen from the table and Fig. 8 that the unﬁlled TPS matrix
(0% ﬁber) absorbed more moisture than the ﬁlled TPS composites
containing coir ﬁbers, suggesting the effect of coir incorporation in
the TPS.
Also, from the ﬁgure it was  observed that the rate of absorp-
tion was higher in the ﬁrst six days and thereafter it increased at a
slower rate (in view of this table shows up to 5 days only), tending to
saturation, in agreement with the results reported by Gáspár et al.
(2005). The equilibrium moisture for the TPS matrix was 15.6%,
while the percentages for the TPS composites with 5–30% ﬁbers
showed slow decrease from 15.2% to 14.0%. These results can be
understood as in the case of water uptake, i.e., when a better inter-
facial bond exists between the ﬁber and the TPS matrix, there is less
chance of hydroxyl groups of the matrix coming into contact with
water molecules (Sreekumar et al., 2009).
4. Concluding remarks
Increasing ecological concerns have given rise to renewed inter-
est in the use of natural materials, considering their renewability
and possibility of disposal at the end of their life cycle without
damage to the environment (Avérous & Le Digabel, 2006; John &
Thomas, 2008). The present study reveals the following:
rate P
1
2
3
4
5
6
7
8
A
s
t
ﬁ
t
a
a
a
a
I
R
A
A
A
A
A
A
A
B
BRamírez M.G.L, et al. / Carbohyd
. It is possible to prepare composites free of ﬁber agglomeration
using cassava starch with the incorporation of up to 30% coir
ﬁbers, using cassava starch matrix and green coconut ﬁber by
thermo-plasticization using glycerol.
. The strength properties (UTS and YM)  of the TPS starch increase
with a higher amount of coir ﬁber incorporation as well as with
the thermal treatment.
. The tensile strength (TS) and Young’s modulus (YM) values
of treated TPS matrix were higher (3.24 MPa, 59.81 MPa  and
112.68 N, respectively) than those for the untreated matrix
(1.56 MPa, 14.56 MPa  and 50.77 N, respectively). Similarly,
observed values were ∼373.5 MPa  and ∼176 MPa  for YM and
10–11 MPa  and 3 MPa  for TS for treated and untreated TPS com-
posites containing 0–30% coir ﬁbers respectively.
. Water uptake, moisture absorption and linear swelling of TPS
matrix decrease with increasing coir ﬁber content.
. Water uptake of TPS matrix and its composite with 30% coir ﬁber
after 2 h of immersion was about 60% and 38% respectively. The
effect was more pronounced after 24 h immersion for all the
composites.
. Moisture absorption remained constant after about 10 days and
13 days respectively for the composites and the TPS matrix, with
the equilibrium moisture for the TPS matrix being 15.6%, while it
varied between 15.2 and 14% for the TPS composites with 5–30%
ﬁber content.
. Linear swelling of TPS matrix decreased with increasing amount
of ﬁber content and immersion time.
. The observed results of tensile properties, water uptake and
moisture absorption are explained as due to better ﬁber–matrix
interface (interfacial bond that exists between the ﬁber and the
TPS matrix) obtained by good adhesion between the ﬁber and
the matrix as evident from the fractographic studies conducted
by SEM.
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